Dissolution of the Silurian-Devonian aquifer in the Lake Huron Basin has produced several karst formations in the bedrock (sinkholes), through which groundwater emerges onto the lake floor. During September 2003, we explored a recently discovered submerged sinkhole ecosystem (55 m · 40 m · 1 m) located at a depth of 93 m with a remotely operated vehicle (ROV) equipped with a conductivity-temperature-depth (CTD) system, an acoustic navigational system, a video camera, and a water sampling system. In addition to two morphotypes of benthic mats, a 1-2 m thick visibly cloudy near-bottom nepheloid-like layer (sinkhole plume) with a strong hydrogen sulfide odor prevailed just above the seepage area of clear water. Relative to lake water, water samples collected within the sinkhole plume were characterized by slightly higher (by 4°C) temperatures, very high levels of chloride (up to 175 mg l )1 ) and conductivity (1,700 lS cm
INTRODUCTION
''Living creatures and the inanimate worlds they inhabit dance an intimate tango'' -American Academy of Microbiology (2001) .
The Laurentian Great Lakes presently containing approximately 20% of the Earth's surface liquid freshwater were formed about 10-12 K ybp (Beeton 1984; Figure 1a) . The Lake Huron Basin is mostly covered with a blanket of glacial till comprised of sand, silt and clay. Underlying these sediments are Paleozoic bedrock aquifers that are Silurian and Devonian in age (Grannemann and others 2000) . These bedrock aquifers were laid down when the shallow seas still spread widely over the continental areas approximately 350-430 million years ago. The Silurian-Devonian aquifer consists of a carbonate-limestone, shale and sandstone matrix and has fresh and saline water, which can contain varying amounts of sulfates, chlorides, fluorides and iron (Briggs 1970; Kimmel 1983; Catacoscinos and others 2001) .
Carbonate karst aquifers occur world wide, and cover about 20% of the land area in the United States (http://www.karstwaters.org). Dissolution of the Silurian-Devonian carbonate aquifer has produced karst features like sinkholes and caves in the Lake Huron basin (Black 1983; Olcott 1992; Schaetzl and others 2000) . Sinkholes around the Alpena, Michigan area are present at several onshore locations as well as some nearshore submerged sinkholes known as El Cajon (Misery Bay) and Middle Island sinkholes ( Figure 1b) . However, the presence of additional submerged sinkholes in this region has remained a mystery until recent times (Coleman 2002) .
Submerged sinkholes were serendipitously discovered during the 2001 expedition for shipwrecks in the Thunder Bay National Marine Sanctuary and Underwater Preserve located offshore of Alpena, MI, USA (Coleman 2002) . The unusually high conductivity (tenfold higher than ambient lake water) measured over some of these sinkholes suggested active groundwater intrusion at depth. During a 2002 expedition to the Thunder Bay National Marine Sanctuary, groundwater seepage was first observed at the ''Isolated Sinkhole'' at the depth of 93 m (Figure 1b) . Highdefinition video recordings and still images were collected from the Isolated Sinkhole by the Institute for Exploration's (IFE) remotely operated vehicle (ROV) ''Little Hercules'' on board the R/V Connecticut (University of Connecticut), equipped with dynamic positioning (Coleman 2003) . During surveys in 2002 as well as 2003, active groundwater seepage was observed at the Misery Bay, Middle Island and Isolated Sinkholes, whereas several sinkholes with no active seepage activity were observed in the northeast region of the sanctuary.
Very little is known regarding the microbiology and biogeochemistry of ground water seeps in large fresh water lakes of the world (Wetzel 2001) . Dense communities of microbes and metazoans are known to colonize both thermal vent and cold seep ecosystems ( Van Dover 2000) . Microbial dominance of carbon and energy flow is especially pronounced in open and deeper waters, away from the land and the productive surface layers (Biddanda and Benner 1997; Karl 1999; Biddanda and others 2001) . Evidence from geothermal vents that occur in oceans as well as lakes (Karl and others 1980; Klump and others 1988; Dymond and others 1989; Crane and others 1991; Van Dover 2000) , indicate that communities inhabiting these extreme environments support unique food webs and biogeochemical pathways that are primarily mediated by microorganisms-both heterotrophic and chemosynthetic (Wirsen and others 1993; Sievert and others 1999; Reysenbach and others 2000) .
In this report, we discuss the preliminary findings from a multidisciplinary exploratory study of 
METHODS
The present study involved shipboard Conductivity-temperature-depth (CTD) vertical tows to characterize the water column, ROV-based video and CTD measurements to map the sinkhole characteristics, sampling the epilimnion with Niskin bottle casts, sampling the near bottom sinkhole plume layer with the ROV and shipboard/ laboratory analyses of biogeochemical parameters and processes.
ROV Observations and Sampling
During the 2003 expedition, all exploratory and sampling operations were conducted from NOAA's 86-foot R/V Laurentian utilizing the University of Michigan's ROV for Education and Research (M-ROVER). M-ROVER is a Benthos Open Frame Sea Rover (length 1.4 m · width 0.8 m · height 0.7 m) equipped with a Seabird SBE-19 CTD, side scan sonar, selective sampling gear, and a LinkQuest Tracklink ultra-short baseline (USBL) acoustic positioning system (Figure 2a ). Detailed high-resolution mapping of conductivity, temperature and depth over the sinkhole environment was achieved by running multiple transects (radiator grid style) with the ROV positioned at about 1.0 m above the lake floor (Ruberg and others 2005) . Observations of the sinkhole were made on monitors in the shipboard control room using the ROV's onboard color video camera. All video and sonar images were recorded to videotape. Furthermore, we characterized the structure of the entire water column using a vertically towed Seabird CTD equipped with a fluorometer and a PAR light sensor.
Water samples for shipboard and laboratory analyses were collected from select sampling points based on the CTD casts and observations from the M-ROVER. Epilimnetic water samples over the sinkhole were collected at 5 and 25 m using Tefloncoated Niskin bottles. Water samples from the deep region of the sinkhole were collected using the M-ROVER. Flexible silicone tubing (13 mm I.D.) was attached to the M-ROVER's manipulator arm and routed through the SBE 19 conductivity cell and along the tether to a peristaltic pump on the deck of the R/V Laurentian. Using the ROV's articulated arm to position the sampling tube forward, real time, selective sampling was conducted at several locations within and flanking the sinkhole. Actual sample collection at any given site was initiated only after synchronizing conductivity at the inlet (M-ROVER's CTD) with that at the outlet on board the ship using a hand-held YSI model 30 conductivity meter which typically was after pumping for approximately 8 min per sample site at the rate of approximately 4 l min )1 . All samples were collected in acid-cleaned 1 l polycarbonate bottles without any headspace.
Biogeochemical Measurements
Physical-Chemical Parameters. Analyses for pH were conducted using a portable Accumet AP63 pH meter. Carbonate alkalinity was determined by acid-titration according to the methods of Wetzel and Likens (2000) . DIC was determined from alkalinity using equations of Wetzel and Likens (2000) . For total phosphorus (P), 50 ml samples were collected in an acid-cleaned 70 ml Pyrex testtube and refrigerated until analysis. Total P was determined using standard colorimetric procedures on an auto analyzer, following digestion in an autoclave with the addition of potassium persulfate at a 5% final concentration (Menzel and Corwin 1965) . Samples filtered through a 0.45 lm filter were analyzed for chloride, fluoride, bromide, sulfate, nitrate, silicate, acetate and formate ions by a modified ion chromatography method (APHA 1992; Dionex 2002 ) on a Dionex DX-500 Ion Chromatograph. Samples for total iron were digested with nitric acid and analyzed by atomic absorption spectrometry on a Perkin Elmer AA300 (APHA 1992) .
Organic Carbon. Samples for dissolved organic carbon (DOC) analysis were filtered through precombusted (4 h at 450°C) Whatman GF/F glass fiber filters directly into pre-combusted glass vials (4 h at 550°C) that were sealed with Teflon-lined caps, and stored frozen until analysis. DOC concentrations were determined by high temperature (680°C) oxidation with a Shimadzu TOC 5000 carbon analyzer. Samples for particulate organic carbon (POC) and particulate organic nitrogen (PON) were filtered on to pre-combusted Whatman GF/F filters and frozen until analysis. Prior to analysis, filters were soaked in 1.0 N HCl and dried at 80°C for 24 h. Carbon and nitrogen content was measured in a Perkin Elmer CHN Analyzer by high temperature combustion (Cotner and others 2000) . Microbial Abundance and Processes. For the determination of bacterial abundance (BA), a 5-ml aliquot of each water sample was preserved with 2% final concentration of 0.2 lm-filtered formaldehyde. Sub-samples (0.25-1.0 ml) were acridine orange-stained, filtered onto 0.2 lm black Millipore polycarbonate filters and frozen ()80°C) until observation by epifluorescence microscopy (Hobbie and others 1977) . Between 20 and 40 fields of view and a minimum of 300 cells were examined for every sample. Photographs were taken with a Nikon Coolsnap digital camera.
Bacterial production (BP) was estimated from rates of protein synthesis using [
3 H]-leucine (Kirchman and others 1985; Smith and Azam 1992) supplied at saturating levels (20 nM) to triplicate live and one killed (5% trichloro acetic acid) of 1 ml lake or sinkhole samples in dark incubations at in situ temperatures. Killed controls accounted for 0.5-9.0% of the radiolabel found in live samples. Rates of [
3 H]-leucine incorporation were converted to bacterial carbon production using the standard conversion factor of 2.3 kg C produced per mole of leucine incorporated (Simon and Azam 1989). The coefficient of variance for BP measurements in individual samples ranged between 3-10%. Saturation and time-course uptake curves were determined once during the research cruise.
Chemoautotrophic production (chemosynthesis) rate was estimated by tracking dark fixation of inorganic carbon (assimilation of organic carbonfree 14 C-sodium bicarbonate) in killed controls (2% formaldehyde) and in triplicate live treatments against the background of a known pool of dissolved inorganic carbon (DIC; Pedros-Alio and others 1993; Wirsen and others 1993; Sorokin and others 2003) . Water samples (1 ml) were incubated with 10 lCi ml )1 of 14 C-sodium bicarbonate in the dark at in situ temperatures for 4 h. Unassimilated inorganic carbon was liberated from the samples by treatment with 1N HCl, and the radioactivity of the remaining organic carbon fraction was determined. Killed controls accounted for 1-6% of the radiolabel found in live samples. Ambient DIC concentrations were estimated from alkalinity measurements, and they ranged from 30 mg C l )1 in surface waters to 48 mg C l )1 in the sinkhole plume. Chemosynthesis rates were estimated after correcting for the radioactivity in the killed controls (Pedros-Alio and others 1993). The coefficient of variance for chemosynthesis measurements of individual samples ranged between 1 and 8%.
RESULTS AND DISCUSSION

Field Observations
Vertical profiles of CTD and PAR revealed a water column with a mixed layer depth of 10 m, a thermocline extending from 10 to 35 m, a subsurface chlorophyll maximum at 30 m, and a euphotic zone depth (1% of surface level PAR) of 40 m. In the vicinity of the sinkhole, PAR levels were undetectable, temperature increased from 3.9°C (deep water) to 7.5°C (sinkhole plume) and conductivity increased from 140 lS/cm )1 (surface or deep water) to 1700 lS/cm )1 (sinkhole plume; Table 1 ). Normal temperatures in Lake Huron at these depths are around 4°C. Whereas the lake floor outside of the sinkhole was generally flat, feature-less and covered with light brown sediment (Figure 3a) , the sinkhole floor was strikingly different with rolling terrain covered with conspicuous benthic mats (Figure 3b-h ), pockmarks (Figure 3c -e), and in a few locations, exposed debris apparently consisting of wood and rock (Figure 3g ; see ROV video clip in Appendix 1). Two mat morphotypes were noted during the exploration. The most distinctive morphotype was an irregularlyshaped white mat (Figure 3b, d ) with a definite cohesive structure that when manipulated with the M-ROVER's manipulator arm revealed a rubber-like flexible nature. The second morphotype was a brown mat that did not appear to have a cohesive structure, more so like loosely associated delicate aggregates or flocs (Figure 3b-f) . Brown mats were the most common morphotype, and they were found all over the lake floor surrounding the sinkhole. Areas covered by the brownish mats sometimes had elongated sausage-shaped pink structures of unknown composition associated with them ( Figure 3f ). Conspicuous white and brownish mats of microbial origin are found in thermal vents and cold seeps ( Van Dover 2000) . Curiously, no dense communities of metazoan invertebrates (such as the ones common in thermal vents and cold seep ecosystems; Van Dover 2000) were observed during several hours of video survey of the sinkhole environment in both 2002 and 2003. We occasionally observed live gobies and freshwater shrimp, and unidentified dead fish in the sinkhole environment.
Overlying the sinkhole environment was a patchy but distinctly visible 1-2 m thick cloudy layer suspended up to approximately 1 m above the lake floor (Figure 3c, g, h) . We refer to this nebulous cloudy nepheloid-like layer as the ''sinkhole plume'' (see ROV video clip in Appendix 1). Higher levels of conductivity and temperature were measured within the sinkhole plume from the ROV's CTD (Figure 4) , and we have included this layer in our survey and sampling of the water column over the sinkhole (Figure 5a) .
In several locations, the ROV emerged below the sinkhole plume into a relatively clear area below. This layer is believed to be seeping groundwater due to its lack of turbidity (relative to the plume), elevated temperature and conductivity, and in some cases, shimmering as it ''emerged'' from the lake floor. In several cases during the 2002 IFE survey of this sinkhole, shimmering fluids were observed near the lake floor. Although the observed shimmering is presumably from higher dissolved solids in the seeping groundwater, we could not rule out the potential for shimmering to be caused by the ROV thrusters. The cloudiness of the sinkhole plume could be the result of chemical changes occurring in the groundwater as it mixes with the ambient lake water; however, based on data presented later in this paper, the turbidity could also result from elevated levels of microbial biomass and organic detritus that were highly variable even within the plume layer (Table 1) .
Detailed CTD mapping of the horizontal plane over the sinkhole revealed patches of enhanced temperature and conductivity (Ruberg and others 2005) . To better understand the relationship of conductivity and temperature with depth, we constructed a high-resolution vertical profile of conductivity and temperature in the near-bottom environment of the most prominent seep site within the sinkhole using the CTD system on the ROV (Figure 4) . The survey included only about 3-4 m of the water column just over the lake floor where groundwater was actively seeping. However, we were unable to maneuver the ROV to survey or sample the emerging ground water di- Table 1 . rectly below the sinkhole plume layer without disturbing the sediment or the plume layer. Therefore, we have no CTD data for about 1 m of the water column immediately over the area of active groundwater seepage within the sinkhole. Both conductivity and temperature were variable but high within the nepheloid-like plume layer at around 1,000 lS cm )1 and 7°C, respectively. Conductivity and temperature decreased sharply just above the region of the nepheloid-like plume layer (2-3 m above the lake floor), and gradually achieved background lake levels of conductivity (140 lS cm )1 ) and temperature (4°C). It is unclear which factors contribute to the observed hydrodynamic stability within the plume layer. Studies by Marmorino and others (1980) have shown that high dissolved silica stabilizes warm water layers in the Lake Michigan hypolimnion. Following the visual exploration of the sinkhole environment ( Figure 3 ) and high resolution CTD profiling across the near bottom sinkhole plume (Figure 4 ), a sampling plan was developed as illustrated in Figure 5a . We sampled through the deep water sinkhole plume layer (samples 1-5), featureless lake floor away from the sinkhole, b overview of lake floor of sinkhole with brown and white mats in the sinkhole environment, c pockmark-like depression on the sinkhole lake floor adjacent to brown and white mats and a nepheloid-like cloudy layer 1-2 m above lake bottom (arrows), d more extensive covering of white mats adjacent to brown mats, e detail of the depression in the previous image showing brown and whitish filamentous structures, f close-up of the brownish microbial mats and pinkish sausage-shaped (arrows) inclusions, g wood and rock debris area with the characteristic near-bottom nepheloid-like cloudy layer (arrow)1-2 m above it, and h side view of sinkhole with brown mats on lake floor overlain with nepheloid-like layer (arrows). Scale bar length for foreground only, is approximately 15 cm. A brief ROV video clip showing the sinkhole lake floor and plume characteristics is given in Appendix 1.
deep-water flanking sites (samples 6-8) and surface water end members (samples 9-10). When brought to the surface, some of the samples from within the plume layer were very dark in color (Figure 5b , bottle # 1-2) and smelled strongly of hydrogen sulfide. These sample locations did not appear as dark at depth, so the observed coloring could be an artifact of the sampling method. The deep water flanking sites-especially samples 7 and 8 were only a few meters (<5 m) away from the edge of the sinkhole and show some evidence of lateral diffusion of the sinkhole plume (Table 1) , and therefore do not accurately reflect conditions typical of the deep waters of Lake Huron.
Measurements, Inventories and Processes
Examination of in situ measurements using ROV mounted instruments, shipboard and laboratory analyses of physicochemical conditions within the near bottom sinkhole plume layer, and comparison to lake water properties prevailing at the surface and at a comparable depth in the lake away from the sinkhole showed that the plume water was characterized by distinct properties (Table 1) . Plume water was warmer than ambient lake water at 93 m by a few degrees (3-4°C), and was characterized by 6-12 fold higher conductivity, 4-5 fold higher levels of silicate, 12-25 fold higher concentrations of chloride, 20-90 fold higher concentrations of sulfate, and 160-1,100 fold higher concentrations of phosphorus. The high conductivity of the sinkhole plume is mostly attributable to the high levels of chloride (R 2 = 0.988, p < 0.001), silicate (R 2 = 0.988, p < 0.001) and sulfate ( R 2 = 0.871, p < 0.01). Similar concentrations of chloride, silicate, sulfate, and phosphorus have been previously measured in groundwater venting Figure 1 ). The chloride, silicate, sulfate and phosphorus composition of the water and high conductivity levels measured during this preliminary investigation of the Isolated Sinkhole (Table 1) appear to indicate that the source of the seeping groundwater is the Silurian-Devonian aquifer (Moreau 1983; Olcott 1992; Ruberg and others 2005) . The detection of bromide and fluoride (up to 3 and 2 mg l )1 , respectively) in the near bottom plume layer indicates the presence of evaporite minerals (Briggs 1970; Schereiber and Tabakh 2000) that also are characteristic of this formation. Nitrate was the only anion that decreased in concentration in the seep water (<0.01 mg l )1 in the plume water and 0.26 mg l )1 outside of the plume; Table 1 ). Nitrate depletion in the sinkhole plume suggests the presence of a sink for nitrate in this zone. The absence of nitrate-N indicates that nitrate reduction could be occurring in the plume water (Jorgensen 1989) . Groundwater nitrate levels in the Alpena karst region (adjacent to the sanctuary) range between 0.02-0.10 mg l )1
, but the shallow sinkholes in Misery Bay area are relatively depleted in nitrate (0.01-0.04 mg l )1 ) as well as dissolved oxygen (<1.5 mg l )1 ; Moreau 1983)-suggesting that denitrification may be occurring at sites of groundwater seepage from submerged sinkholes. Nitrate would be first utilized as an electron acceptor under anaerobic conditions (Hordijk and others 1987) . Anaerobic processes such as denitrification are known to occur in anaerobic bulk environments as well as microenvironments (Sieburth 1987) . The establishment of anaerobic microenvironments may be favored by the POM-rich sinkhole plume layer where bacterial activity is high (Table 1 ). Although we were not able to measure oxygen levels during the 2003 exploration, a recent diver-led investigation of the Middle Island Sinkhole (Figure 1 ) made in situ measurements of low dissolved oxygen concentrations (0.4-0.8 mg/l) and high conductivity levels (>2,000 lS cm )1 ) in groundwater seeping at 18 m depth (July 2005). The high sulfate ion concentrations in the seep water (1,450 mg l )1 ) can serve as electron acceptors for sulfate reducers in this environment (Kasten and Jorgensen 2000; Weber and Jørgen-sen 2002) . Indeed, samples from the plume layer smelled strongly of hydrogen sulfide (no actual measurements were made in the present study) when brought to the surface-suggesting that anaerobic pathways of sulfate reduction and carbon transformation may be occurring in this sinkhole ecosystem (Fenchel and others 1998) . The shallow seeps of the Misery Bay area sinkholes contain high levels of sulfate as well as sulfide (300-1,680 mg l )1 and 25-150 mg l )1 , respectively; Moreau 1983). Both phosphorus and iron may play important roles in the biogeochemistry of environments such as the sinkhole ecosystem (Fenchel and others 1998) . In the present study, total phosphorus concentrations in the seep water were up to 1,100-fold higher than the ambient lake water. Total iron content was measured only in one plume sample and was found to be in high concentrations (3.5 mg Fe l )1 ). However, at the present time, we are unable to speculate on the pathways or significance of these two elements in this ecosystem because we lack data on phosphorus and iron speciation, as well as the amount of groundwater discharge from the sinkhole. Detection of the low molecular weight acids, acetate (up to 5 mg l )1 ) and formate (up to 1.5
) also indicates the presence of anaerobic carbon degradation (Lovley and Klug 1982; Sansone and Martens 1982; Wu and others 1997) . Both formate and acetate can serve as electron donors for sulfate reducing bacteria and as electron acceptors for methanogenesis (Winfrey and Zeikus 1979; Jones and Simon 1985; Fenchel and others 1998) . Anaerobic methane oxidation may be carried out by syntrophic consortia of methanotrophic archaea and sulfate-reducing bacteria (Boetius and others 2000; Orphan and others 2001) . Although methane concentrations were not determined in this investigation, dissolved nutrients and concentration gradients present in the sinkhole environment appear to support a high biomass of a functionally diverse microbial community (see below)-comparable to the conditions observed over the hypersaline and anoxic Orca Basin (LaRock and others 1979).
The sinkhole plume water was characterized by fourfold higher concentrations of DOC and 400-fold higher concentrations of POC, relative to ambient lake water (Table 1) . Both DOC and POC are utilized by heterotrophic bacteria to fuel the microbial food web in aquatic environments (Azam 1998; Anesio and others 2003) . Molar C:N ratios of POM ranged from 21 in surface waters to 8 in the sinkhole plume (Table 1) , suggesting N enrichment of POM within the near-bottom plume layer due to increased biological activity. The large difference in the C and N composition of POM suggests that the Submerged Sinkhole Ecosystem sinkhole ecosystem is likely generating its pool of organic matter in situ, and not just transforming surface derived detrital materials settling down from the water column.
Bacterial abundance in surface and flanking deep water Lake Huron (0.5-0.8 · 10 9 cells l )1 ) was in the range of values recorded for the Great Lakes and the oceans (Ducklow 2000; Biddanda and Cotner 2003) . However, the abundance of bacteria in the sinkhole plume reached levels that were an order of magnitude higher than ambient lake levels (9.9 · 10 9 cells l )1 ; Table 1 ). Microscopic observations showed that bacteria were mostly associated with particulate matter in the sinkhole plume ( Figure 6 ). Reddish autofluorescence of these particles emphasized their organic origins, a contention that is supported by the extremely high POC and PON concentrations (Table 1) . Also, potentially bacterivorous protozoan nanoflagellates were found, suggesting that an active microbial food web was operational in this environment (Azam 1998) . Indeed, chemoclines within stratified water bodies are known to harbor high densities of heterotrophic and chemosynthetic prokaryotes as well as hypoxia/anoxia tolerant phagotrophic eukaryotes that depend on prokaryotic microbes for food (LaRock and others 1979; Fenchel and others 1998) . Bacterial production in surface and flanking deep waters of Lake Huron (2-10 lg C l )1 d )1 ) was in the range of values recorded for Lakes Michigan and Superior (Biddanda and Cotner 2003) . However, the rates of BP within the sinkhole plume were up to an order of magnitude higher (45 lg C l
These rates of production are near the upper range measured in oligotrophic waters (Ducklow 2000) , and reflect the high concentrations of bacteria and resources for bacterial growth: DOC, POC, PON found within the sinkhole plume (Table 1 ). These enhanced rates of heterotrophic BP could be supported in part by the rain of phyto and zooplankton detritus and in part by in situ chemosynthesis taking place within the sinkhole plume (see below). Prokaryotic metabolism is known to be especially suppressed at temperatures at and below to 2-4°C (Pomeroy and Deibel 1986)-temperatures prevailing in the deep waters of Lake Huron. However, bacterial metabolism is relieved from significant temperature suppression just above 4°C, and lowtemperature inhibition can also be overcome by enhanced DOM availability (Pomeroy and Wiebe 2001) such as the warmer temperatures (7°C) and approximately fourfold higher DOC concentrations found in the sinkhole plume. As temperatures increase, both growth and respiration rates increase; however, rates of respiration increase more than growth rates (Rivkin and Legendre 2001; Biddanda and Cotner 2002) . Elevated metabolism (especially respiration) in the warmer waters of the sinkhole plume may thus contribute to enhanced decomposition of carbon, and consequently oxygen depletion in this system. Dark fixation of dissolved inorganic carbon measured as an index of chemoautotrophic production showed no measurable rates in surface waters, very low rates in deep water flanking samples and significantly high rates in the sinkhole plume (Table 1) . Low rates of chemosynthesis were measured in two of the three deep-water flanking samples, likely because these two sites were not adequately far away from the influence of the sinkhole plume. The rates of chemosynthesis measured in the present study were comparable to those measured in thermal vents in Yellowstone Lake (Cuhel and others 2002) and Craternaya Bay (Sorokin and others 2003) .
It is notable that the measured rates of chemosynthesis of organic matter (57 lg C l
) were comparable to the measured rates of heterotrophic BP in the same water sample (45 lg C l
). This suggests that a significant portion of the carbon requirement of heterotrophic bacteria in the sinkhole plume environment could be met by concurrent chemoautotrophic production taking place on site. In addition to aerobic sulfide-driven chemosynthesis, chemoautotrophs may utilize other reduced species such as ammonia, sulfur and methane as electron donors under anaerobic conditions ( Van Dover 2000) . To better understand the relationship of our measured rates of chemosynthesis and those found in situ, further data on dissolved oxygen and reduced chemical species levels in this ecosystem are needed.
Submerged Sinkhole: A Biogeochemical Hot Spot Dominated by Microorganisms
Microorganisms are successful at colonizing and thriving in diverse habitats because they have evolved a range of metabolic capabilities that enable them to utilize energy and nutrients from a wide variety of natural resources in all known ecosystems (Schlesinger 1997; Nature, editorial 2003; DeLong 2004) . In aquatic ecosystems, microorganisms play a dominant role by exerting a significant influence on all biogeochemical processes (Azam 1998; Cotner and Biddanda 2002) . Identifying their abundance and diversity in any environment can allows us to picture the pathways and processes that move matter and energy within that ecosystem (Charlebois and others 2003; Gossett 2002; Teske and others 2003) .
Preliminary examination of the microbial community composition of the sinkhole plume using molecular phylogenetic techniques has revealed (1) reduced species diversity amongst the Bacteria which suggests the presence of few but rapidly growing bacterial species, and (2) presence of Archea having close relationships to known sulfate-reducing and methanogenic species which suggests the submerged sinkhole ecosystem may be an extreme habitat (Marsh, Schwalbach, Fuhrman, Biddanda-Unpublished Data). Various workers have examined microbial species diversity in a variety of extreme habitats (Moyers and others 1995; Maki and others 2002) , and found a decrease in microbial diversity with increasingly extreme conditions (Fenchel and others 1998) .
In geothermal vents as well as cold seeps, the occurrence of reduced inorganic compounds is commonly associated with microbial chemosynthetic activity (Cuhel and others 2002) , and both heterotrophic and chemosynthetic activity are found to be enhanced at physicochemical discontinuities such as oxic-anoxic boundary zones (LaRock and others 1979) . The high abundance of organic matter prevailing in the sinkhole plume appears to be the result of localized but intense heterotrophic BP and microbial chemosynthesis. The combination of high abundance of microorganisms, inorganic nutrients, electron donors/acceptors, and organic matter may provide the context for both aerobic and anaerobic biogeochemical processes to co-occur here intensely (Sieburth 1987) .
Results from the present study show that the Isolated Sinkhole environment was a hot spot of high nutrient concentrations as well as an abundant and active microbial community. In comparison to surrounding deep water, the sinkhole plume layer prevailing just over the seep was clearly characterized by higher conductivity and temperature, elevated concentrations of chloride, sulfate, phosphate, acetate, DOC, POC, PON and bacteria, as well as enhanced rates of heterotrophic BP and chemosynthesis. Such interface environments are known to be suitable for the development of both heterotrophic and chemosynthetic communities in the sea (LaRock and others 1979), and our results indicate the presence of a mixed heterotrophic-chemoautotrophic community in this freshwater ecosystem. However, the exact pathways of chemoautotrophy and the identity of the organisms that are involved in these processes in the Lake Huron sinkhole remain to be elucidated. There is clearly a need for improved sampling and in situ measurements of rate processes in the future.
Historically, exploratory research in freshwater habitats has lagged far behind that of the oceans (Wetzel 2001) . Future studies should strive to expand our understanding of the structure and function of sub-ecosystems that operate within larger ecosystems such as the Great Lakes. Our future plans include continued exploration of nearshore and deeper-water sinkholes present throughout this karst system, and comparison with those found in other regions. Our hypothesis is that along a gradient of sinkholes extending from shallow to deep water, the contribution of photosynthesis and chemosynthesis to sinkhole biogeochemistry will systematically vary.
There is reason to expect similar sinkholes and seeps are present, and could be numerous, in other regions within the Great Lakes Basin where carbonate aquifer systems are present (Black 1983; Grannemann and others 2000;  Figure 1 ). Furthermore, because there has been no systematic search for submerged sinkholes and the groundwater discharging through them, they may be more prevalent in coastal freshwater and marine environments than presumed hitherto. A challenge for the future will be to find these dynamic underwater ecosystems and comprehend the ''biogeochemical tango'' taking place therein.
Submerged Sinkhole Ecosystem
